Learning and memory are cognitive functions commonly impaired after surgery, especially in elderly patients. Our aim was to evaluate the effect of sevoflurane anaesthesia on episodic-like memory in young and aged wild-type mice and mice with altered nicotinic cholinergic neurotransmission (b2KO). Mice learned objects before randomization to control, anaesthesia or sham groups. Anaesthesia was maintained at 2.6% sevoflurane for 2 h, starting immediately after training. Object memory testing was performed after 24 h, when one familiar object was replaced by a nonfamiliar object. While nonanaesthetized mice showed memory retention of the familiar object, anaesthetized wild-type and b2KO mice showed impaired memory. Sevoflurane anaesthesia thus causes memory impairment in mice regardless of b2 receptor-mediated nicotinic cholinergic neurotransmission. NeuroReport
Introduction
Episodic and implicit memories are among the cognitive functions most commonly impaired in elderly patients with postoperative cognitive dysfunction [1] . Episodic memory is a key feature of cognitive function and refers to the conscious recollection of unique past in terms of what, where and when. Disruption of episodic memory is also a feature of neurodegenerative diseases, such as Alzheimers dementia [2] . In patients with this disease, the severity of the symptoms closely correlates to the degree of deterioration of cholinergic neurotransmission [3] . Although drugs that increase cholinergic neurotransmission have been used to improve cognitive function in patients with neurodegenerative diseases, drugs interfering with cholinergic signalling impair memory and can elicit cognitive deterioration and confusion, especially in the elderly [4] .
Volatile anaesthetic agents not only reduce acetylcholine release in the brain [5] but also inhibit nicotinic acetylcholine receptors (nAChRs) in clinically relevant concentrations [6] . This makes volatile anaesthetics potential causative agents for postoperative cognitive dysfunction. Furthermore, sevoflurane anaesthesia alters exploratory and anxiety-like behaviour in mice with genetically modified nicotinic cholinergic neurotransmission (b2KO) [7] . However, it is not known whether b2dependent cholinergic neurotransmission is also involved in unconditioned episodic-like learning and memory. We thus hypothesized that there was a potential for increased susceptibility to object memory impairment after anaesthesia in b2KO mice compared with wild-type (WT) mice. Here, we wanted to investigate the effect of sevoflurane anaesthesia, age and preexisting impaired nicotinic cholinergic neurotransmission on object memory in mice.
Methods

Animals
Male WT C57BL/6JICO mice and male knockout (KO) SOPF HO ACNB2 (b2 -/ -) mice, backcrossed for at least 19 generations onto a C57BL/6 background, were obtained from Charles Rivers Laboratories France (L'Arbresle Cedex, France). Mice arrived at the animal facility at 10 weeks of age and were housed individually in cages from 2 weeks before experiments. Mice in the aged groups were group housed in cages in the animal facility from the age of 10 weeks until 2 weeks before experiments, and thereafter individually housed until time of experiments. All animals were housed under standard conditions with food and water ad libitum. A circadian light cycle of 12 h light/12 h dark was maintained in the housing room. Experiments were performed during the light cycle, between 09:00 h and 16:00 h. Young mice were 3-4 months of age, and aged mice 15-18 months at the time of the experiments. Thirty young and 20 aged WT as well as 28 young and 22 aged b2KO mice were used in the experiment. Ethical approval was obtained from the Karolinska Ethical Committee, Stockholm, Sweden. Experiments were conducted at the Pasteur Institute in Paris, France, in accordance with the local regulations for animal experiments as well as the recommendations for animal experiments issued by the European Council [8] .
Methods
Object learning and exploration were assessed in a 30 Â 30 Â 50 cm plexiglass box. Visual cues were present on the walls of the room. Light was set to 120 lux. A video camera was mounted in the ceiling, and animals were filmed during testing for off-line analysis. To discriminate objects, a 3 Â 2 cm plastic cap and a larger 3 Â 7 cm glass bottle topped with a plastic cap were used. Objects were thus different in terms of size, shape and texture. Pilot studies showed that the animals could discriminate between the objects, and that there was no preference towards one particular type of object (F = 1.84, P = 0.18). After each session, the sawdust was changed and the box wiped with a moist cloth to smear out any olfactory cues. Each animal learned the same set of two objects on each learning session. No motivation such as food deprivation, aversive stimulus or reward was used during learning or test sessions.
Animals freely explored two identical objects during two 5-min learning sessions (L1 and L2).
We considered exploration of an object to occur only when the animal was in close contact to the object with its whiskers or nose.
After the second learning session (L2), randomization was performed by the roll of a dice. Mice randomized to control groups were subsequently put back in their home cages. Mice randomized to sham groups were inserted into the chamber used for anaesthesia for 1 min without any anaesthetic being administered, and then returned to their home cage. Mice randomized to the anaesthesia group were introduced into the chamber and induction of anaesthesia commenced after 1 min. Time awake in the chamber was thus equivalent for the sham and the anaesthesia groups.
Anaesthesia was provided by administration of 2.6% sevoflurane (Sevorane, Abbott France, Saint Remy sur Avre, France) for 2 h, as described earlier [7] .
Object memory was assessed 24 h after the learning sessions (L1 and L2). During a 5 min test session, mice were again placed in the same cage as during the learning session, but now with one of the previously learned objects replaced by a nonfamiliar object. Time spent exploring the familiar and the nonfamiliar object was measured. Time spent rearing freely or against the wall of the cage and number of groomings performed was also recorded. Data collection was performed in a blinded fashion.
Statistics
Data were normally distributed as assessed by the Kolmogorov-Smirnov's tests. Logarithmical transformation was performed to meet homogeneity criteria as evaluated by the Levene's test. Repeated measures analysis of variance was used to determine the effects of time on learning the objects. Factorial analysis of variance was used to determine effects of genotype, age and treatment group for the dependent variables object exploration time, time at familiar object, time at nonfamiliar object, time in rearing and number of groomings. Post-hoc testing was performed using the Tukey's Honestly Significant Difference.
For assessment of retrograde object memory, an index measure was calculated as an index ratio (%) and defined as time spent exploring the nonfamiliar object divided by the total time spent exploring both the familiar and the nonfamiliar object. Equal time exploring the two objects, as predicted by chance performance would give an index value of 50%. In accordance to the novelty preference paradigm [9] , animals recognizing the familiar object would favour exploration of the nonfamiliar object. Statistical analysis was performed by two-tailed t-tests against the 50% level to determine the degree of object memory in each group [10] , and effects were considered significant when a P value is less than 0.05.
Results
Effect of anaesthesia
WT and b2KO mice exposed to sevoflurane anaesthesia showed impaired object memory with reduced object memory index on examination 24 h later, when compared with nonanaesthetized controls (F = 5.46, P = 0.007, Tukey's Honestly Significant Difference for control vs. anaesthesia, P = 0.004, control vs. sham, P = 0.12 and sham vs. anaesthesia, P = 0.34).
Sevoflurane anaesthesia reduced the overall time spent exploring the nonfamiliar object during the test session (F = 6.85, P = 0.01) for all groups.
Effect of age
Young anaesthetized WT and b2KO mice did not explore the objects in a significantly different manner from chance level exploration, that is, showed impaired object memory. Testing against the level of chance performance was not significant in any of the anaesthetized groups; neither young WT mice (t = 1.2, P = 0.3) nor young b2KO mice (t = 1.7, P = 0.1), thus indicating a lack of recognition of the familiar object (Fig. 1a) .
In contrast, young nonanaesthetized WT and b2KO mice explored the nonfamiliar object more than predicted by chance level performance. Testing against the 50% level of chance performance was significant in young WT mice control group (t = 9.8, P < 0.0001), in young WT sham group (t = 4.1, P = 0.003), in young b2KO control group (t = 3.2, P = 0.01) and in the young b2KO sham group (t = 2.4, P = 0.045).
Both aged WT and b2KO mice displayed similar results as young mice, that is, anaesthetized WT and b2KO did not explore the objects different from chance level exploration ( Fig. 1b ) (t = 1.3, P = 0.2) and (t = 0.7, P = 0.5), respectively.
In addition, as for the young animals, nonanaesthetized mice explored the nonfamiliar object more than the familiar object on the test session. Testing against the 50% level of chance performance was significant in aged WT mice control group (t = 4.2, P = 0.003) as well as in the aged b2KO control group (t = 3.1, P = 0.02). Aged mice of both genotypes spent less time exploring the objects during the learning sessions (F = 16.4, P = 0.0002).
Effect of preexisting nicotinic cholinergic dysfunction
Overall, control b2KO mice spent less time in exploration of objects than control WT mice, both during the learning sessions (F = 8.34, P = 0.006) and the test session (F = 9.8, P = 0.004). During the test session, control b2KO spent less time exploring the nonfamiliar object (F = 13.1, P = 0.00006) than control WT, whereas time spent exploring the familiar object was not different between the genotypes (F = 2.6, P = 0.1). b2KO mice also spent shorter time rearing against the walls compared with WT mice (F = 5.9, P = 0.03).
Discussion
In this study, we have shown that sevoflurane anaesthesia causes retrograde episodic amnesia in mice. Although control animals favoured exploration of a nonfamiliar object, indicating recognition and memory of a familiar object, sevoflurane anaesthetized mice explored both objects equally, thereby indicating absence of object recognition and memory.
Although modulation of cholinergic neurotransmission has shown to be of importance for memory, the contribution of nAChRs to this effect remains elusive. In this study, we have used genetically modified mice that lack b2containing nAChRs, and, as a consequence, also lack high affinity a4b2 nAChRs. In humans, an association between reduced brain content of a4b2 nAChRs and cognitive deterioration has recently been shown in patients with minimal cognitive impairment or Alzheimer's disease [3] . A marked cognitive deficit would therefore be expected in mice constitutively lacking these receptors. Nevertheless, contrary to this assumption, our study shows intact episodic-like memory in b2KO mice. This finding highlights potentially important species differences regarding the role played by b2nAChR subunits in cognitive function. Moreover, as the b2KO mice used in our experiment carried the gene deletion since fertilization, it is possible that compensatory phenomena in the expression of other nicotinic receptor subunit genes or reorganization of neuronal circuits might have taken place.
In a previous publication, we have demonstrated that sevoflurane anaesthesia actually alters locomotor activity, organization of behaviour and anxiety-like behaviour in mice lacking the b2 subunit of the nAChR7. Here, the object memory test aimed to investigate whether this receptor subtype also played a key role in object memory and whether this effect was age dependent [11] . Our present results in b2KO mice confirm that b2-subunitcontaining nAChRs are not critically involved in object learning and memory. Furthermore, the marked memory effect of sevoflurane anaesthesia was similarly observed in both WT and b2KO mice, which implies that the underlying mechanisms for the immediade posttraining memory impairment by sevoflurane anaesthesia is not likely to be found in cholinergic pathways in which b2-containing nAChRs are important. Thus, b2-containing nAChRs could possibly play a different role in regulating anxiety and organization of behaviour compared with their role in object memory formation.
Although conditioned spatial tests mainly involve hippocampus and amygdala, the brain areas particularly involved in object recognition are the rhinal cortices [12, 13] . The novelty preference paradigm [9, 14] is one of several animal models designed to evaluate episodic-like memory. This particular model is based on the innate motivation of animals to explore novel objects rather than familiar objects [9, 15] . It is an unconditioned test, which does not require application of exogenous reinforcers and it is thus resistant to alterations in reward systems and pain circuits [16] . We therefore believe that object memory testing, as performed in our study, serves as a suitable model to explore subtle alterations in cognitive functions.
There are apparent conflicting conclusions regarding the effects of sevoflurane anaesthesia on memory. In animal models, exposure to volatile anaesthetics has been shown to both enhance and impair memory. Although some studies indicate cognitive improvement after anaesthesia [17] [18] [19] , others show attenuation of learning by anaesthesia [20, 21] . Choice of anaesthetic compound, duration of exposure, as well as the level of anaesthesia has been postulated as important determinants of the effect.
In a study where anaesthesia improved memory, the delay between learning and anaesthesia was 2-3 h, which might be sufficient for memory consolidation to take place [18] . In our study, anaesthesia was induced within 3 min from the learning session, during the time when memory consolidation would still be ongoing. Anaesthesia was maintained at a stable sevoflurane concentration of 2.6%, which corresponds to approximately 1 minimal alveolar concentration in C57BL6 WT mice [22] . The anaesthetic sensitivity of b2KO has been shown to be similar to that of C57BL6 WT mice [7, 23] . Animal body temperature was closely monitored to avoid physiological and cellular changes due to hypothermia.
We think immediate sevoflurane anaesthesia impairs memory consolidation and thereby causes retrograde object amnesia. The stress of being placed into the anaesthesia chamber before anaesthesia is given is also likely to perturb memory consolidation, explaining the memory impairment observed in the sham groups. Significant retrograde object impairment in anaesthetized mice was observed when the combination of the stress of induction of anaesthesia and exposure to the volatile anaesthetic itself was considered. Hence, we speculate that this could translate to the clinical situation of hospitalization and emotional stress before surgery.
In both WT and b2KO, aged animals displayed similar object recognition levels as young animals, which for WT mice is consistent with previous findings [18] . Nevertheless, aged mice spent less time exploring objects during learning, than did young mice. There were also effects due to genotype, illustrated by an overall lower object exploration time in b2KO compared with WT. b2KO mice also spent less time rearing against the walls of the cage, indicating altered exploratory behaviour compared with WT. These results are consistent with previous findings showing that b2KO mice exhibit altered exploratory processes [7, 24] . Apart from confirming previous findings regarding the memory span for WT C57BL6 mice [18] , this study provides new knowledge regarding the long-term object memory capabilities in mice lacking the b2 subunit of the nAChR.
Conclusion
Posttraining exposure to sevoflurane anaesthesia causes similar long-term object memory impairment in both WT and mutant mice lacking the b2 nAChR subunit, the effect being seen when considering the combination of sevoflurane and induction of anaesthesia. Our study further shows that signalling through b2-containing nAChRs is not critically involved in long-term object memory in mice. Studies aiming at unravelling the underlying mechanisms of volatile anaesthetics on object memory processes should therefore be directed towards other relevant cholinergic or noncholinergic signalling pathways.
